Introduction
Retrotransposons are common mobile genetic elements, which have been described in many eukaryotic organisms.
Retrotransposons fall into two major classes, based on the presence or absence of long terminal repeats (LTRs), as well as sequence homology (Xiong & Eickbush, 1988b) . The non-L TR retrotransposons are also known as LINE-like elements (Singer & Skowronski, 1985) , poly(A)-type retrotran-© 1999 Blackwell Science Ltd sposons (Boeke & Corces, 1989) , or retroposons (McClure, 1991) . Many non-L TR retrotransposons have been described in insects, including the Doc (O'Hare et al., 1991) , F (Di Nocera & Casari, 1987) , I (Fawcett et al., 1986) and jockey (Priimiigi et al., 1988) elements of Drosophila melanogaster, the T1Ag (Besansky, 1990) and Q (Besansky et al., 1994) elements of Anopheles gambiae, and the R1Bm (Xiong & Eickbush, 1988a) and R2Bm (Burke et al., 1987) families of ribosomal DNA insertions in Bombyx mori.
Gypsy moths (Lymantria dispar) are currently widespread forest pests in the north-eastern United States and the adjacent regions of Canada. Population markers have been sought to distinguish the North American gypsy moths introduced from Europe in 1869 from those recently introduced from Asia (Bogdanowicz et al., 1993; Pfeifer et al., 1995; Garner & Siavicek, 1996; Schreiber et al., 1997) . During characterization of an amplified DNA polymorphism in the gypsy moth, a sequence similarity was found with a non-L TR retrotransposon in the silkworm Bombyx mori. This paper describes the cloning and sequence analysis of a complete element of this gypsy moth retrotransposon family, designated LDT1 (Lymantria dispar transposable element 1). Several incomplete elements were also characterized. To our knowledge, this is the first non-LTR retrotransposable element described in the gypsy moth.
Analysis of these elements may prove to be useful for the development of a transformation vector for use in biological control (Pfeifer & Grigliatti, 1996) . In addition, variability of retrotransposon insertion sites within the species may provide useful genetic markers for the identification of gypsy moth strains or populations.
Results

-
Identification and cloning of a gypsy moth retrotransposon
During the characterization of RAPD-PCR markers for the identification of gypsy moth strains, a gypsy moth RAPD-PCR-amplified fragment called A15N18oowas sequenced. When this sequence was used to search the cenearuc database, a partial non-L TR retrotransposon sequence in an intron of the alpha amylase gene of B. mori (accession number U007847) was found to be similar. Additional isolates of the B. mori retrotransposon have been described under the names BMC1 (Ogura et al., 1994) and L 1Bm (Ichimura et al., 1997) .
The region that is similar to the B. mori element within A 15N1800extends 1489 basepairs and ends in an 18-basepair poly-A tail. Within this region the encoded amino acid sequences of the two species are 49%
identical. The translated gypsy moth A 15Nl800
sequence also matches numerous reverse transcriptase sequences in GENBANK.
Hybridization of the A15N1800BamHllHindll1 0.7 kb fragment to a blot of EcoRI-digested gypsy moth genomic DNA (not shown) resulted in a smear indicating that this sequence is highly repetitive in the gypsy moth genome. . __ ra ra -<Il
LDT1-2 Sail 0.6 kb probe I E ra digested genomic DNA. The diagnostic genomic fragments that were observed hybridizing to the above probes were the 2.2 and 2.3-kb BamHI fragments, a 4.0-kb SaIl fragment, a 3.3-kb Sstll fragment, and 1.3, 2.3 and 1.0-kb Stul fragments. All these fragments were found using hybridization in phage clones containing the elements LDT1-4 and LDT1-20. The elements LDT1-21 and LDT1-25 were found to contain fragments corresponding to the 5' end of LDT1-4, although the 3' ends of these elements were truncated during the cloning process. Comparison of sequences from these four elements was used to locate the 5' end of the LDT1 element, as described below.
Sequence characterization of LDTt
Two clones, containing the elements LDT1-4 and LDT1-21, were found to have restriction maps matching the complete consensus map. The retrotransposon in LDT1-4 was sequenced in its entirety. In addition, the identical to that of the F-element (Di Nocera & Casari, 1987; Kerber et al., 1996) . Other dipteran elements with reverse transcriptase sequences related to LDT1 are non-L TR retrotransposons from the midge Chironomus thummi (31.0% identical) (Blinov etal., 1993) and the mosquito Aedes aegypti (30.0% identical) (Mouches et al., 1992) . Lepidopteran retrotransposons such as the B. mori ribosomal DNA-associated R1Bm (21.1% identical) (Xiong & Eickbush, 1988a) and R2Bm
(21.8% identical) (Burke et al., 1987) and the telomereassociated TRAS1 (23.6% identical) (Okazaki et al., 1995) also share limited sequence similarity with LDT1.
The GAG-related and endonuclease sequences of these elements share short regions of similarity as well.
The first ORF in LDT1 could potentially encode an amino acid sequence related to the GAG protein of retroviruses and to similar sequences from retrotransposons. Although overall homology between these sequences is low, retrotransposon ORF1 sequences generally contain cysteine-rich motifs with the consensus CX2CX 4HX4C where X can be any amino acid (Berg & Shi, 1996) . These motifs resemble the zinc finger sequences found in numerous nucleic acid-binding proteins. The nucleocapsid fragment of the GAG protein from HIV, HTLVI and other retroviruses has been shown to associate with zinc (Bess et al., 1992) . 
GTACAACAAGTTCACCGTTTGGTAGAATACACAAGTAGTCAGTTCATCATGAACAGATATACGGGTGTATTATTCCTAGACGTAGCGAAAGCATTCGACA 4200 sons is shown in Fig. 3(A) . In the LDT1 sequence an imperfect match to the consensus is seen at amino acid positions 318-331 (glutamine instead of histidine) and two good matches are found at positions 337-349 and 364--379.
The second ORF in LDT1 could encode a protein with endonuclease and reverse transcriptase domains similar to those found in numerous non-L TR retrotransposons. These domains are believed to be part of a bifunctional protein that nicks the target DNA strand and initiates reverse transcription during retroposition (Feng et sl., 1998) . Several endonuclease catalytic domain sequence motifs are conserved among non-L TR retrotransposons and are also found in the apurinic/apyrimidinic (AP) endonucleases such as Exo III from E. coli (Feng et al., 1996) . Figure 3 (A) ORF1 cysteine-rich sequences with highly conserved residues indicated above the alignment.
(9) Endonuclease conserved domains. Residues conserved among numerous retrotransposons (Feng et al., 1996) are indicated above the alignment. Putative active site residues are marked with asterisks. (C) ORF2 sequence region containing seven conserved reverse transcript~se domains. Invariant (letters) and chemically conserved ( + ) residues observed in numerous retrotransposons are indicated above the alignment (Xiong & Eickbush, 1988b Nocera & Casari, 1987) , L 1Tc from T. cruzi (Martin et al., 1995) , and human L 1 (Hattori et al., 1986) .
shows an alignment of conserved endonuclease sequence regions from LDT1 and several other non-LTR retrotransposons.
Similarly, comparison of a large range of retroviruses and retrotransposons has resulted in the identification of seven conserved reverse transcriptase sequence domains (Xiong & Eickbush, 1988b . The LDT1 ORF2 sequence can be aligned with other retro-element sequences in the regions of these domains and shows good agreement with highly conserved residues (Fig. 3C) . The Y/FADD sequence (positions 696-699) is characteristic of non-L TR retrotransposons (Xiong & Eickbush, 1988b) . The homologous region in HIV has been shown by site-directed mutagenesis to be required for reverse transcriptase function (Larder et al., 1987) .
Analysis of LOTt genomic insertion sites
Some classes of non-L TR retrotransposons show insertion site specificity, integrating within 28s ribosomal genes (Burke etal., 1987; Xiong & Eickbush, 1988a; Jakubczak et al., 1990) or at chromosome ends (Okazaki et al., 1995; Sheen 8. Levis, 1994) . However, comparison of six cloned LDT1 retrotransposon insertion sites shows no sequence conservation. None of the LDT1 insertions that were sequenced were flanked by ribosomal RNA-encoding sequences or areas of short repeats that wou Id be characteristic of telomeres.
The LDT1 insertions appear to be randomly dispersed.
An 11-13 bp repeat, probably a duplication of host DNA at the insertion site was seen in five out of six cases where the sequence was determined at both endpoints of a LDT1 element (Fig. 4) . Three of these insertions, LDT1-23 A, Band C, were within one phage clone and were arranged in a cluster of head-to-tail tandem copies. All three elements were truncated and differed in length at the 5' end. In this cluster, the same sequence (differing at 1 or 2 positions out of 12) was repeated flanking and in between each copy.
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The copy number of the LDT1 element was not determined because the genome size of the gypsy moth is not known. However, the density of complete and partial LDT1 elements in the genome was esti- The relatively low number of phage plaques hybridizing to the middle probe indicates that the majority of truncated elements extend less than halfway through the length of the complete element.
Analysis of LOTt genomic polymorph isms in Asian and
North American gypsy moth populations
Several examples of polymorph isms at transposable element insertion sites have been described. Such polymorph isms may be useful as phylogenetic or population markers (Batzer et al., 1994; Shimamura et al., 1997) . In order to look for polymorph isms at LDT1 element insertion sites in gypsy moths, PCR primers were designed based on sequences flanking the insertion junction for five complete or partial LDT1 elements. These primers were used to amplify DNA samples from gypsy moths from several different locations in North America and Asia. In three out of
LDTl-23 (3 tandem partial elements)
LDTl-2 3C
.. ACTCACA17tgateaengaaTTCGCCA. ..
LDT1-23A
.. ACACACA16gateategaataeaaeeg The insertion site polymorph isms suggest that the LDT1 element has recently been or may now be active, therefore Northern blot analysis was used in an attempt to detect transcription of the element. Blots were made using RNA from whole adults and from gonads from fifth instar larvae and pupae (male and female). Also tested were RNA from gut tissue from Table 1 The LDT1 elements characterized in this study have 13--19 bp poly-A tails but, unlike many other non-LTR retrotransposons, lack sequences resembling consensus poly-A addition signals near the poly-A tract.
However, a few other retrotransposons lack typical poly-A tails or polyadenylation signals. Some elements have the usual AATAAA signal but unusual Arich tails, such as (ATGAA)n (Besansky, 1990) or (TAA)n (Besansky et al., 1994) . The I element of Drosophila melanogaster (Fawcett et al., 1986 ) and the LOA element of Drosophila silvestris (Felger & Hunt, 1992) mori retrotransposon R2 has been shown to add nonternplated nucleotides to the 3' end of experimentally shortened R2 transcripts before initiating reverse transcription (Luan & Eickbush, 1995) . The resemblance of some retrotransposon tai Is to telomere sequences has raised the theoretical possibility that telomerase may be involved in the tailing and possibly the reverse transcription of these elements (Besansky, 1990) .
While the LDT1 sequence lacks a poly-A addition insertions, such as the Drosophila white-one locus mutation caused by a Doc insertion (Driver et al., 1989), insertional polymorphisms have been found which do not affect gene function. These may be useful as phylogenetic markers, because the chances of two independent insertions occurring at the same location in different taxa is extremely low. Polymorphisms in Alu element insertion sites have been used to trace human evolutionary history (Batzer et al., 1994) , and two families of short interspersed elements (SINEs) have been used to infer the phylogeny of whales (Shimamura etal., 1997) . Once inserted, retrotransposable elements are assumed to be stable, since no mechanism for excision is known to exist. 
Genomic library construction and screening
Gypsy moth DNA used for the construction of a genomic library was prepared from New Jersey Standard Strain first and second instar larvae following a modification of the method of Ish-Horowicz et al. (1979) . Larvae were starved overnight and homogenized in liquid nitrogen using a mortar and pestle. The powder was mixed with suspension buffer (10 mM Tris-HCI pH 7.5, 60 mM NaCl, 10 mM EDTA) and heated to 65°C. After resuspension, an equal volume of post-grind (lysis) buffer (200 mM Tris-HCI pH 9, 30 mM EDTA, 2% w/v SDS) was added to the homogenate and Proteinase K was added to a final concentration of 200 tlg/ml. The digestion solution was incubated at 65 DC for 30 min. Sodium acetate was added to a final concentration of 0.3 M.The solution was extracted with an equal volume of buffered phenol, then with an equal volume of chloroform/isoamyl alcohol (24: 1). The DNA was precipitated with two volumes of ethanol, pelleted, and resuspended in water. The DNA was then treated with RNase (50 tlg/ml) at 37 "C for 2 h, and re-extracted with phenol and chloroform followed by ethanol precipitation and resuspension.
A genomic library was constructed in the lambda phage vector EMBL4 following the procedures described by Maniatis et al. (1982) . Genomic DNA from New Jersey Standard Strain gypsy moths was partially digested with Sau3AI and ligated to BamHI-digested lambda phage arms. The average genomic insert size was 18 kb.
Consensus mapping
Genomic DNA digested with restriction enzymes was blotted and probed with a series of probes, starting with the 700 bp BamHllHindll1 probe from the A15N1800fragment. Restriction fragments in genomic DNA hybridizing to the probe were identified. Comparison of these with restriction sites within the partial retrotransposon in fragment A 15N1800allowed a restriction map to be constructed.
Phage clones with fragments matching this restriction map were selected. From these clones, additional upstream probes were selected and used to determine the consensus map of the entire retrotransposon. Phage clones with maps matching the entire consensus map were selected for further analysis.
Genomic Southern blots
For consensus mapping, 2-5 J1.g of genomic DNA were digested with restriction enzymes and run on a 0.8% agarose gel. After electrophoresis the gel was blotted on to Nytran hybridization membrane (Schleicher & Schuelllnc, Keene, NH, USA) following the manufacturer's directions. Probe DNA fragments were radioactively labelled using the Gibco BRL Nick Translation System. Unincorporated dNTPs were removed using a Sephadex G-50 spun column. The probes were hybridized to the blot following the membrane manufacturer's directions.
DNA sequencing
DNA sequences were determined using the Sequenase sequencing kit (United States Biochemical Co., Cleveland, OH, USA). In most cases double-stranded plasmid DNA was used for sequencing. Fragments that yielded poor sequences from double-stranded DNA were cloned into M13 mp18 and mp19 vectors in order to generate single stranded DNA.
DNA and protein sequence analysis
DNA sequences were assembled and ana lysed using AssemblyLign and MacVector 4.1 (Eastman Chemical Company, New Haven, CT, USA). Amino acid sequences were aligned using CLUSTAL W (Thompson etal., 1994) . The alignment procedure used a gap opening penalty of 10.0, a gap extension penalty of 0.05, and the BLOSUM series of weight matrices (Henikoff & Henikoff, 1992) . Amino acid identity scores were calculated by dividing amino acid matches by total aligned amino acids (gaps were excluded). The OLIGO Primer Analysis software (National Biosciences Inc., Plymouth, MN, USA) package was used to select primer sequences for sequencing and PCR, and to analyse sequences for possible internal secondary structure or primer interactions.
LDT1 element quantification
Approximately 2000 phage plaques containing gypsy moth genomic DNA were plated and the plaques were blotted on to nylon membranes.
These membranes were probed with probes from the 5' end (nucleotides 3'4-398), middle (nucleotides 2128--2947), and 3' end (nucleotides 4898--5398) of a complete retrotransposon. The plaques hybridizing to each probe were counted. Reactions were topped with mineral oil and amplified in a Perkin Elmer thermal cycler for 2 min at 94 DC (initial denaturation step) followed by forty cycles of 94 D C for 1 min, 50°C or 55°C for 1 min, and 72°C for 1 min. The A 15N1800primers were annealed at 55 DC, and the LDT1-2 primers were annealed at 50 DC. DNA amplification was ana lysed by electrophoresis in 1.2% agarose gels using Tris-borate buffer followed by ethidium bromide staining of the DNA.
DNA amplification methods
Amplification
The sequences of the primers used to amplify the A 15N1800 insertion junction are as follows: KG3: 5' TTCCGAACCCTGAC- 
DNA samples for insertion site analysis
RNA isolation
RNA was prepared using the method of Chomczynski & Sacchi (1987) . Northern blots were carried out using formaldehyde gel electrophoresis as described in Maniatis et al. (1982) .
GenBank accession numbers
The nucleotide sequences described in this paper have been assigned GENBANKaccession numbers AF081101 (A 15N18oo), AF081102 (LDT1-2), and AF081103 (LDT1-4).
